The classic single-degenerate model for the progenitors of Type Ia Supernova (SN Ia) predicts that the supernova ejecta should be enriched with solar-like abundance material stripped from the companion star. Spectroscopic observations of normal SNe Ia at late times, however, have not resulted in definite detection of hydrogen. In this Letter, we study line formation in SNe Ia at nebular times using non-LTE spectral modeling. We present, for the first time, multidimensional radiative transfer calculations of SNe Ia with stripped material mixed in the ejecta core, based on hydrodynamical simulations of ejecta-companion interaction. We find that interaction models with main sequence companions produce significant Hα emission at late times, ruling out this type of binaries being viable progenitors of SNe Ia. We also predict significant He I line emission at optical and near-infrared wavelengths for both hydrogen-rich or helium-rich material, providing an additional observational probe of stripped ejecta. We produce models with reduced stripped masses and find a more stringent mass limit of M st 1 × 10 −4 M of stripped companion material for SN 2011fe.
INTRODUCTION
While it is believed that Type Ia Supernovae (SNe Ia) are the thermonuclear explosion of a carbon-oxygen white dwarf (WD) in a binary system, the nature of the companion star and the mechanism that triggers the disruption remain uncertain. SNe Ia have been used successfully to infer the accelerating expansion of the universe (Riess et al. 1998; Perlmutter et al. 1999) , and a better SN Ia progenitors may lead to an improved ability to standardize these events. Various theoretical models can reproduce the basic observational properties of SNe Ia (Wang & Han 2012; Hillebrandt et al. 2013 ), but work is needed to determine which models explain which specific subsets of observed SNe Ia.
SN Ia models fall into either the single degenerate (SD) or double degenerate (DD) category, depending on the nature of the WD's binary companion. A key prediction of SD progenitor models is that material from companion star will be swept up by SN Ia ejecta (Wheeler et al. 1975; Chugai 1986 ) and may be detectable in late-time spectra. Hydrodynamical simulations have found that the mass of stripped companion material is typically between 0.002 and 0.5M , depending on the type of companion and binary system properties (Marietta et al. 2000; Meng et al. 2007; Pakmor et al. 2008; Pan et al. 2010 Pan et al. , 2012 Liu et al. 2012 Liu et al. , 2013 Boehner et al. 2017 ). This material is embedded in the ejecta at low velocities (≈ 1000 -2000 km s −1 ) and may be observable as narrow emission lines at late times ( 200 days) when the ejecta become optically thin.
Many observations at nebular times have failed to detect Balmer emission (specifically, Hα) in late-time spectra (Mattila et al. 2005; Leonard 2007; Shappee et al. 2013; Bikmaev et al. 2015; Lundqvist et al. 2013 Lundqvist et al. , 2015 Maguire et al. 2016) . The only known exception may be the 3.1σ detection of Hα in SN 2013ct by Maguire et al. (2016) . Translating the flux limits into a reliable constraint on the stripped mass, however, requires multidimensional hydrodynamic and radiative transfer calculations which have not, to date, been conducted.
Most analyses of late-time SN Ia spectra derive mass constraints from Mattila et al. (2005) , who studied Hα formation at late times using parameterized spherically symmetric radiative transfer calculations. These models assumed the W7 SN ejecta profile (Nomoto et al. 1984; Thielemann et al. 1986 ) and added by hand varying amounts of uniform density solar-abundance material at the center of the ejecta up to a fixed velocity of 1000 km s −1 . These authors concluded that stripped masses 0.03 M should produce detectable Balmer lines in the nebular spectra of SNe Ia, in conflict with observations. Hydrodynamical models of the interaction of SNe Ia with a companion star, however, find that the stripped companion material strongly varies in density and its distribution is highly non-uniform. How this affects the predicted emission line strengths is unclear, and requires multidimensional modeling.
In this Letter, we study realistic distributions of stripped companion material derived from multi-D hydrodynamical simulations which we post-process with a multi-D non-local thermodynamic equilibrium (NLTE) radiative transport code to synthesize nebular spectra as a function of viewing angle. This allows us to predict the line strengths resulting from stripped material of different total mass and composition, and from a variety of different companion stars (main sequence stars, subgiants, and red giants).
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2. METHODS The SN Ia ejecta-companion interaction models used in this work are taken from Boehner et al. (2017) , henceforth B17. Assuming cylindrical symmetry, they obtained well-resolved hydrodynamic models of interaction for a sample of semi-detached binaries considered as potential SN Ia SD progenitor channels. The sample includes systems with various main sequence (MS), subgiant (SG), and red giant (RG) companions. The spherically symmetric W7 model (Nomoto et al. 1984; Thielemann et al. 1986 ) is used as the explosion model for the supernova. The material stripped from the companion has solar metallicity, and we consider cooling from important metals like S, Si, Ca, and Fe.
We calculate nebular spectra using the 3D NLTE radiation transport code presented in Botyánszki & Kasen (2017) , which takes as input a homologously expanding supernova model and calculates ejecta temperature and line emissivities based on the balance of radioactive heating and line emission. Energy deposition from radioactively produced gamma-rays is calculated using a Monte Carlo code Kasen et al. (2006) while positrons are assumed to be deposited locally. The ejecta are assumed to be optically thin, though we adjust the radiative decay rates of optically thick lines using the formulation of Li & McCray (1993) .
Recombinations are assumed to be transitions between ground states only, except in the case of hydrogen and helium, where recombination to excited states is expected to contribute non-trivially to optical line strengths. For these species, we use a simplified approach in which the recombination rates split evenly among levels and the sum of these is consistent with the well-known total recombination rates. While this recombination treatment can be improved by using level dependent values for the recombination rates, the ionization fractions of elements depend only on total recombination rates. Allowing recombination to excited states in hydrogen lowers optical line strengths, suggesting that collisional excitation from the ground state is the dominant way of populating excited states. On the contrary, allowing recombination to excited states in helium increases optical line strengths, suggesting that recombination contributes significantly to the population of excited states. The excitation of permitted helium transitions is therefore a result of both collisional excitation due to thermal electrons as well as recombination to excited states following collisional ionization due to non-thermal electrons.
3. RESULTS Panels A and B of Figure 1 show the structure of a sample model (MS38) from B17 at 200 days past explosion, zoomed in to show the hydrogen-rich region. The stripped material occupies a conical section of the remnant from which the nickel-rich ejecta have been pushed away. There is no mixing of the stripped material with the nickel-rich ejecta except near the interface. Gammarays from 56 Co decay enter the hydrogen-rich region and deposit their energy there. Due to high densities in this region, recombination is efficient against non-thermal collisional ionization and, consequently, hydrogen stays in a mostly neutral state.
Panels C and D of Figure 1 show the MS38-based syn- The luminosity of our calculated Hα emission is higher than that of previous parameterized 1D models (Mattila et al. 2005; Lundqvist et al. 2013) . We attribute this to the more realistic geometry in our multi-D calculations. In the previous works, stripped material was assumed to occupy a spherically symmetric central region of constant density. However, the hydrodynamical models show that stripped material is concentrated in a smaller volume clump that is offset from the ejecta center. The density of the hydrogen-rich material is higher, leading to a more effectively trapping of gamma-rays. As there is only minimal mixing with nickel-rich ejecta, this region cools primarily through hydrogen and helium line transitions. Table 1 shows the calculated properties of the B17 models. Hα emission is strong and detectable for all of the models, regardless of whether companion is a MS, SG, or RG star. To quantify this, we calculate the ratio of peak luminosity of Hα to that of [Fe III] λ 4658 and find L Hα /L 4658 > 0.8 for all models. This prominent Balmer emission is inconsistent with observations of normal SNe Ia and and so rules out progenitor scenarios with such high stripped masses. We find that the relative strength of the Hα emission is approximately constant over time, with L Hα /L 4658 decreasing by 20% from 200 to 500 days after explosion.
Reduced Mass Models
The above models assumed a hydrogen companion in a semi-detached system and an idealized, sphericallysymmetric W7-like explosion model. The total mass of stripped companion material, however, is found to lower if the SN explosion energy is decreased or the orbital separation distance is increased (Pakmor et al. 2008; Pan et al. 2012; Liu et al. 2012 ). In addition, inhomogeneities in the ejecta structure may disturb the flow and potentially affect the amount of stripped material Hansen et al. (2007) .
Non-detections of Hα in observed SN Ia nebular spectra clearly constrain the allowed mass of stripped ma- terial. However, converting the observed flux limit to quantitative mass constraints has been limited by the lack of detailed nebular modeling. Here we probe sensitivity of Hα flux to the amount of stripped material by gradually reducing the density in regions of MS38 model that contain at least 1% hydrogen by mass. This simplified method should capture the basic effect of lowering the amount of stripped mass while retaining the characteristic asymmetry of the hydrodynamical interaction. Figure 2 shows the Hα model luminosity for a series of MS38 models with reduced density, along with the original set of B17 models. For the set of modified MS38 models we find that the Hα model luminosity approximately varies with the stripped mass as log 10 (L Hα ) = −0.2M 
where M 1 = log 10 (M st /M ) and [L Hα ] = erg s −1 . We stress that this approximate relation holds only for or scaled MS38 models, and does not take into account how the stripped mass geometry may vary with separation distance, SN ejecta properties, or companion type. We estimate that the Hα luminosity accounts for about 30% of the total energy deposited in the stripped material for M st > 0.01M , and scales with total deposition. At lower masses, hydrogen is more ionized and only accounts for about 10% of total deposition energy.
For reference, the Hα luminosity upper bound for SN 2011fe (Shappee et al. 2013 ) is marked with a horizontal dashed line in Figure 2 , scaled to account for the time difference between our models (200 days past explosion) and their observations (292 days past explosion). Since we find Hα luminosity to be a relatively constant fraction of bolometric luminosity, we can scale the Hα limit of SN 2011fe using its bolometric light curve (Mazzali et al. 2015) , in which there is roughly a factor of ∼4 decrease in luminosity between 200 and 292 days. Compared to our reduced mass models, the non-detection suggests a constraint on the stripped mass of 10 −4 M . This is a factor of about 5 lower than the constraint derived by Shappee et al. (2013) based on parameterized 1D models. Hα luminosity for various models as a function of stripped mass. Open circles denote the amount of stripped mass in a series of modified MS38 models, while filled stars label the original B17 models. Red plus symbols indicate the total energy deposited into the stripped material for each value of stripped mass. We found a close correlation between the amount of stripped mass in the original B17 models and their estimated Hα luminosities, which suggests that such dependence is a common characteristic of SN Ia in the SD scenario. The Hα luminosity upper limit for SN 2011fe (Shappee et al. 2013 ) is marked with a horizontal dashed line, scaled to the luminosity expected at 200 days past explosion (see text).
Effect of viewing angle
The asymmetry of companion-stripped material introduces a viewing angle dependence of the narrow emission line profiles. Figure 3 shows the synthetic nebular spectrum of the day 200 MS38 model as observed from a number of viewing angles. While the total integrated luminosity of Hα is independent of viewing angle in optically thin ejecta, the line profiles do depend on the orientation. At θ = 0
• , the bulk of stripped material is moving toward the observer, resulting in a blue-shifted Hα peak. For θ = 180
• , that region is moving away from the observer and the Hα peak is red-shifted. For intermediate angles, the feature is broader and has lower peak luminosity. In general, we expect that the Hα peak will be shifted by ≈ 10Å from its rest wavelength due to orientation effects, which should be taken into account when trying to extract flux limits from observational data.
Helium-only Models
In addition to the hydrogen-rich systems considered by B17, helium star companion models have been proposed to explain SNe Ia (Iben & Tutukov 1984; Yoon & Langer 2003; ). For such companions, hydrodynamic models of interaction with the ejecta predict that up to 0.06 M of companion mass becomes unbound (Pan et al. 2010 (Pan et al. , 2012 ; Liu . We explore such a scenario by replacing all hydrogen with helium in the solar-abundance stripped material of model M38. While such a modified model overestimates the amount of stripped mass by a factor of 4 and possibly inaccurately reflects the geometry of the stripped material, it does provide a first estimate of an upper bound on the line emission from SD progenitors with helium companions. Figure 4 shows the MS38 model with all stripped hydrogen replaced by helium. We find strong permitted helium emission at both optical and NIR wavelengths. In addition narrow emission lines from [CaII] and [FeII] lines are visible atop broader components of line emission from the SN ejecta. The results suggest that even if the stripped helium mass is lower by a factor of 4 or more, observations of high resolution nebular spectra can provide strong constraints of helium star SD progenitor models.
DISCUSSION
We have presented synthetic nebular spectra of multidimensional companion-ejecta interaction models in binary systems representing classic SD progenitors of SNe Ia. We found that the late-time Hα emission in SN Ia models with hydrogen-rich companions (regardless whether MS, SG, or RG type), which results in 0.1 M of unbound solar-abundance ejecta, is strong compared to the limits derived from observed spectra. The Hα emission in our realistic models is even stronger than that found in previous parameterized 1D studies. We therefore disfavor semi-detached binary systems with hydrogen-rich companions as viable SN Ia progenitors.
By artificially reducing the mass of the stripped region, we estimated that even an order of magnitude less of stripped, hydrogen-rich material (i.e., ≈ 0.01 M ) would still be observationally detectable. Consequently, we place a strong limit of M st 1 × 10 −4 M on the hydrogen mass for SN2011fe (Shappee et al. 2013) , assuming that our models are representative of the geometry of stripped material. This constraint is a factor of 5 stronger limit than that derived by Shappee et al. (2013) 3000 4000 5000 6000 7000 8000
Wavelength ( based on parameterized 1D models. For SD scenarios to be consistent with the nondetection of Hα in normal SN Ia requires much smaller stripped hydrogen masses. This may be possible if the ratio of the binary separation distance, a, to the companion star radius R is larger than the value a/R ≈ 3 adopted for the Roche lobe-filling orbital geometry of the B17 models. For larger a/R, the solid angle subtended by the companion is smaller, and a smaller fraction of ejecta is intercepted. Based on the scalings of Liu et al. (2012) , the stripped mass may be consistent with 10 −4 M if a/R 20. However, a supplementary analysis conducted using the method of Boehner et al. (2017) suggests that the dependence of stripped mass on binary separation might be more shallow than previously reported, leading to stripped masses above 0.1 M even as binary separation increases by a factor of 8. More work is needed to clarify the relationship between late-time Hα luminosity and binary separation. Furthermore, certain scenarios, such as the spin-up/spin-down models of Di Stefano et al. (2011); Justham (2011) , posit a delay between accretion and explosion during which the companion can shrink by orders of magnitude in radius.
For SD scenarios involving a non-degenerate helium star companion, the interaction with the ejecta results in a lower amount of stripped mass, ≈ 0.06 M (Pan et al. 2010 (Pan et al. , 2012 Liu et al. 2013) . Our rather speculative MS38-based helium-only model still showed significant He I spectral features. As our modified model contained about 4 times more mass of stripped helium than found in actual simulations, we consider our helium emission estimates as an upper bound to the emission detectable from more realistic models.
Future work should consider a broader range of hydrodynamical models, as the B17 sample exclusively considers SD, Roche-lobe filling, hydrogen-rich companions. Both the orbital geometry (wider systems) and companion type (helium star) should be considered in more detail. An idealized, spherically-symmetric W7 explosion model provides for smooth, steady flow of ejecta around the companion. However, realistic SN Ia explosion models will likely produce ejecta characterized by density inhomogeneities that will perturb the interaction region potentially enhancing the stripping process (Hansen et al. 2007 ). Finally, the limitations in input atomic data and the approximations in the treatment of atomic processes and radiative transfer effects discussed in Botyánszki & Kasen (2017) influence nebular spectral modeling and should be addressed in future studies.
